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Abstract 
As the first time in Korea, bottom ash which is by-product of coal ash in power plant was recycled as fine aggregates in hot mix 
asphalt (HMA) mixtures. The bottom ash was used to replace the fine aggregate of HMA by various portions of fine aggregate 
which is passing 4.75mm sieve, at the ratio of 10%, 20%, and 30%. Leaching test was performed to measure the concentration of 
toxicity in the bottom ash. The optimum asphalt content was measured for each portion of bottom ash used as fine aggregate 
using by Marshall mix design method. Stability, flow value, and mixture volumetric properties were compared to verify the 
applicability of bottom ash as fine aggregate in HMA. The moisture susceptibility and fatigue cracking resistance of asphalt 
mixture containing bottom ash and fly ash was investigated. It is concluded that coal ash can be efficiently used as fine 
aggregates in asphalt mixture. 
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1. Introduction 
Bottom ash (BA) is produced as a granular material and removed from the bottom of dry boilers. It is much 
coarser than fly ash and formed during the combustion of coal. Several studies (Long and Floyd (1982); Chesner et 
al. (1997)) have been carried out on the use of BA in asphalt mixture. BA is highly absorptive materials, due to it 
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lightweight and porous structure. Consequently, a higher amount of asphalt binder is needed for using it as 
aggregate substitutes in asphalt mixtures in order to achieve a full coverage and good bonding of aggregates. 
Colonna et al. (2012) investigated the use of bottom ash as part of bituminous mixes for binder course. The 
experiments show that the bottom ash improves the stability while reducing the wearing resistance, however, the 
reduction can be compensated with an increase in the asphalt content in the mixture. BA can be used in the asphalt 
mixtures for flexible pavements without risk of the release of dangerous substances into the environment indicated 
by a leaching test. 
Asphalt mixtures containing BA have been proved to show lower moisture resistance and lower rutting resistance 
compared to conventional ones. Moreover, BA had a high content of heavy metal and high level of toxicity, 
however, after being mixed with asphalt binder, the heavy metal was undetectable and the toxicity was reduced 
(Chen et al. (2008)). In previous studies (Chen et al. (2008); Hassan (2005)), the authors suggested that the use of 
BA substituting mineral aggregates in asphalt mixture range from 10 to 15 percent for surface or stone matrix 
asphalt courses and around 20% for base courses of pavement to ensure the pavement performance. 
This paper aims to evaluate the possibility of using bottom ash as fine aggregate replacement in asphalt mixture. 
The leaching characteristics of BA were investigated through Synthetic Precipitation Leaching Procedure (SPLP) 
batch tests. The BA was used at 10, 20 and 30% by weight of fine aggregate. The Marshall mix design method was 
conducted to determine the optimum asphalt binder content for each percentage of BA replacement. Indirect tensile 
test and repeated indirect tensile test were conducted to evaluate moisture susceptibility and fatigue cracking 
resistance, respectively. 
2. Materials 
HMA is a mixture of mineral aggregate and bituminous binder. Asphalt binder PG58-22 was used in the study as 
it is the most widely used in Korea. The aggregate with the particle size distribution has bulk specific gravities, Gsb, 
of 2.680 determined according to AASHTO T 85-10 (2010) and AASHTO T 84-10 (2010) tests.  
Bottom ash (BA) used in this study was supplied by Gunsan Combined Cycle Gas Turbine (CCGT) Power Plant, 
Korea. It was screened to particle size passing sieve #4 (4.75mm) and the gradation is shown in Fig. 1. BA was used 
in substitution of 10%, 20%, and 30% fine aggregate (passing sieve #4) by weight in asphalt mixture, according to 
the previous studies (Chen et al. (2008); Hassan (2005)) and preliminary trials. Fig. 1 indicates that aggregate 
gradation tends to become slightly coarser with the higher amount of BA. 
 
Fig. 1. BA gradation and Aggregate gradation with the combination of 10%, 20%, and 30% BA. 
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3. Testing 
3.1. Leaching test 
The leaching test was conducted by following SPLP (Method 1312 (1994)). A representative sample was 
weighed 50g into a glass container and extracted with a ratio of solid to liquid of 1:20. Subsequently, the sample was 
agitated for 24 hours in a shaking water bath as seen in Fig. 2. After agitating, the leachate is separated from the 
solid phase by a filter paper. Both phases are then analyzed. Table 1 indicates that there is no leachate of toxic 
elements in BA except Arsenic 0.00035 mg/L; however, this amount is still very far below the limit of 1.5 mg/L. 
Therefore, it is totally acceptable to utilize this type of BA in pavement construction. The evaluation of emissions 
during mixing and placement was not covered in this work; however, compared to the leachate of toxic in AC, the 
toxicity in BA is likely negligible. 
 
   
a    b 
Fig. 2. Extracted BA sample before and after 24-hour agitating. 
Table 1. Leaching test result. 
 Cd 
(mg/L) 
Cu 
(mg/L) 
Ni 
(mg/L) 
Pb 
(mg/L) 
Zn 
(mg/L) 
As 
(mg/L) 
Hg 
(mg/L) 
Limit for Hazardous Materials >0.3 >3 - >3 - >1.5 >0.005 
BA nd nd nd nd nd 0.00035 nd 
AC nd nd nd nd nd 0.00832  0.00028  
nd: not detected        
3.2. Marshall test 
According to Marshall mix design method (Ogunro (2004)), aggregate is first placed in the oven for more than 
4 hours, and less than one hour for asphalt binder at mixing temperature. Samples of asphalt mixtures at four 
different asphalt contents, 4.5%, 5%, 5.5%, and 6.0%, with three replicates per asphalt content are prepared. The 
asphalt contents were selected based on preliminary tests and the authors’ experience. After mixing, each sample 
was placed in the oven for 2 hours at compaction temperature and compacted with a Marshall hammer. The 
specimens were stored at room temperature for 24 hours and extruded from the mold prior to testing. The Marshall 
mix design procedure also includes determination of maximum specific gravity, Gmm of the mixture and bulk 
specific gravity, Gmb of the specimen in accordance with AASHTO T 209-05 (2005) and AASHTO T 166-10 
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(2010), respectively. Marshall stability test was conducted to measures the Marshall stability and flow values. The 
percent air voids, VMA and VFA of the specimen are determined. 
 
 
a     b 
 
c     d 
Fig. 3. Marshall test results. 
The four plots of asphalt content versus alternatively average air voids, Marshall stability, Marshall flow, VMA, 
VFA are made to facilitate the selection of optimum asphalt content. The optimum asphalt contents selected at an air 
voids of 4% was 5.2%, 5.2%, 5.7% and 6.0% for mixes Control (C), BA10, BA20, and BA30 respectively. About 
6–9% more asphalt binder is required for the mix containing BA. As shown in Fig. 3, at the optimum asphalt 
content, all the Marshall mix design criteria, Marshall stability, flow, VMA, and VFA are met; but, the trends of 
increasing or decreasing are not clear. Generally, the change of BA content within 10 and 30 percent does not 
significantly affect the optimum asphalt content and other properties of asphalt mixture. The detail of Marshall test 
result at the optimum asphalt content is shown in Table 2. 
Table 2. Marshall test result at the optimum asphalt content. 
Properties Criteria limit Control  BA10 BA20 BA30 
BA content (%) - 0 10 15 20 
Optimum AC (%) at 4%* 5.2 5.2 5.7 6.0 
Marshall stability (kgf) >500 1230 1700 1200 1100 
VMA (%) >13 15.3 15.2 16.8 17 
VFA (%) 70-80 76 76 78 74 
Flow (0.01cm) 20-40 35 35 36 37 
* percentage of air voids 
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3.3. Indirect tensile (IDT) test for Moisture Susceptibility 
The AASHTO T 283-03 (2003), one of the most commonly used procedures for determining moisture 
susceptibility, was applied in this study. The damage due to moisture is controlled by the specific limits of the 
tensile strength ratios. All specimens were fabricated using the gyratory compactor and had air void contents of 
7 ±0.5%. Total six specimens were separated into two subsets, one subset for dry IDT test and the other for wet IDT 
test. The maximum indirect tensile force was recorded and the corresponding IDT strength of the asphalt mixture 
was calculated. The tensile strength ratio (TSR) is determined from the dry and wet IDT test results. Fig. 4 shows 
the IDT strength and TSR values for moisture susceptibility evaluation. The mixes C, BA10, BA20, and BA30 have 
TSR values of 72%, 74%, 71% and 73%, respectively. Accordingly, all the mixtures do not meet the criteria of 
a minimum TSR value of 80% (AASHTO T 283-03, 2003). However, it is indicated that BA content insignificantly 
affects to the moisture susceptibility of the asphalt mixtures. 
 
 
Fig. 4. IDT test results. 
3.4. Repeated Indirect Tensile (IDT) Test 
The rational for performing this test is to quantify the fatigue life of asphalt mixes. The disk-shape samples were 
tested at 20 °C in an environmental-control chamber. The loading pattern includes a one-second sinusoidal wave 
with a 5 kN peak and 0.5 kN seating load (10% of peak) over a duration of 0.1 and 0.9 sec, respectively. The loading 
was applied along the diametral direction of the sample using a Universal Testing Machine. The vertical 
deformation was recorded throughout the experiment and was used as a threshold to terminate the test as the mix 
approaches rupture.  For the purpose of this test, the fatigue life is quantified by the total number of cycles at failure 
(Nf). Mixes with higher Nf are considered more resistance to fatigue failure. At the termination of the test the 
samples experienced dramatic increase in vertical deformation due to the initiation of near-center vertical cracks that 
leads to rupture. Examples of the testing results of mix B with 10% BA content and C (controlled) are shown in 
Fig. 5.  
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Fig. 5. Repeated IDT test for mixes B and C. 
Results suggested that the fatigue life of mix B is the slightly better than mix C. Measurements reflected an 
average of three replicates with COV less than 20%.  Summary of testing results is shown in Table 3.  
Table 3. Summary of repeated IDT tests. 
 Mix B Mix C 
Nf 3012 2874 
Strain at end of Primary creep 1.63% 1.71% 
Cycle at end of Primary creep 613 691 
Strain at end of secondary creep 3.85% 3.86% 
Cycle at end of secondary creep 2120 2188 
Min Creep rate (mm/sec) 0.09% 0.09% 
4. Conclusions 
In this paper, the concentration of toxicity in BA was addressed using leaching test and the effect on the asphalt 
mixture by partly replacing the fine aggregate was evaluate using Marshall mix design method. Using asphalt 
content at 4% air voids as the design asphalt content in the Marshall mix design procedure, the designed optimum 
asphalt content was found to increase with the presence of BA; however, the later increase of BA content from 10 to 
30 percent has no significant effect on optimum asphalt content and properties of asphalt mixture. Also, the presence 
of BA makes no change in the moisture susceptibility. In terms of resistance of fatigue cracking, the results of the 
repeated IDT test under dynamic loading showed that asphalt mixture with a certain amount of coal ash showed the 
higher fatigue cracking resistance. Moreover, the BA in Gunsan CCGT Power Plant can be used in the asphalt 
mixtures for pavements, without risk of the release of toxic substances into the environment due to the runoff. The 
authors are proposing to evaluate stripping potential using image processing analysis. 
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